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2/ current in adult rat sensory neu-vated at more negative potentials remains more limited. Lowrons: effects of anticonvulsant and anesthetic agents. J. Neurophys-voltage-activated (LVA) Ca 2/ current, also called T-type curiol. 79: 240-252, 1998 . We have used the whole cell patch-clamp rent, has been observed in a variety of cell types including method to study pharmacological properties of low-voltage-acti-neurons (Carbone and Lux 1984) , endocrine cells (Armstrong vated (LVA) Ca 2/ current in freshly dissociated neurons from and Matteson 1985; Herrington and Lingle 1992; Matteson and dorsal root ganglia of adult rats. Inward barium current [in the Armstrong 1986) , and cardiac muscle (Droogmans and Nilius presence of internal fluoride to reduce L-type high-voltage-acti-1989; Hirano et al. 1989) . T-type current appears to play a vated (HVA) and external 1 mM v-conotoxin GVIA to block critical role in the regulation of neuronal bursting and low-N-type HVA current] was evoked from negative holding potentials of 090 mV to test potentials of 025 mV and showed complete inacti-amplitude voltage oscillations (Crunelli et al. 1989 ; Huguenard vation during 200-ms test pulses. Amiloride blocked Ç90% of current and Prince 1992; Llinas 1988; Manor et al. 1997) . Furthermore, with half-maximal block (EC 50 ) of 75 mM and a Hill coefficient (n) T-type current has been implicated in seizure susceptibility and of 0.99. LVA current was blocked completely by inorganic Ca 2/ initiation (Huguenard and Prince 1994; Tsakiridou et al. 1995) . channel blockers: lanthanum (EC 50 Å 0.53 mM) ú zinc (EC 50 Å 11.3 Despite the critical role of some T currents in the regulation mM) ú cadmium (EC 50 Å 20 mM)ú nickel (EC 50 Å 51 mM). The of neuronal excitability, the extent to which T current among antiepileptics, ethosuximide (EC 50 Å 23.7 mM, n Å 1.4), phenytoin different cells exhibits similarities and differences is not clear.
(EC 50 Å 7.3 mM, n Å 1.3), a-methyl-a-phenylsuccinimide (EC 50 Å Available data suggest that considerable diversity not only ex-170 mM, n Å 2.1), and valproic acid (EC 50 Å 330 mM, n Å 1.9) ists among T currents in terms of fundamental kinetic properties maximally blocked Ç100, 60, 26, and 17% of T current, respectively.
(e.g., Huguenard et al. 1993 ), but also in terms of pharmacoAnother antiepileptic, carbamazepine (°100 mM), and convulsants such as pentylenetetrazole (1 mM) and tert-butyl-bicyclo [2.2.2] logical sensitivities (Huguenard 1996) . For example, although phosphorothionate (50 mM) had no effect on T current. Barbiturates the primary target of the clinically used anticonvulsant, ethocompletely blocked T current: thiopental (EC 50 Å 153 mM, n Å suximide, has been proposed to involve T current blockade in 1.2) ú pentobarbital (EC 50 Å 334 mM, n Å 1.2) ú methohexital thalamic neurons (Coulter et al. 1989a,b) , T current in GH 3 (EC 50 Å 502 mM, n Å 1.3) ú phenobarbital (EC 50 Å 1.7 mM, n Å cells is relatively resistant to blockade by ethosuximide (Her-1.2). Blockade by thiopental and pentobarbital did not show voltage rington and Lingle 1992).
or use dependence. General anesthetics blocked T current completely Although the T-type current in dorsal root ganglion (DRG) and reversibly: propofol (EC 50 Å 12.9 mM, n Å 1.3) ú octanol neurons was one of the first T currents to be described (Carbone (EC 50 Å 122 mM, n Å 1.2) ú etomidate (EC 50 Å 205 mM, n Å and Lux 1984), the pharmacological description of this current 1.3) ú isoflurane (EC 50 Å 303 mM, n Å 2.3) ú halothane (EC 50 Å remains incomplete. Specifically, for many blockers of DRG 655 mM, n Å 2.0) ú ketamine (EC 50 Å 2.5 mM, n Å 1.1). Mibefradil, a novel Ca 2/ channel blocker, blocked dorsal root ganglion T current T current, concentration-response information is not available. in a voltage-and use-dependent fashion with an EC 50 of Ç3 mM Given the likelihood that different T currents may exhibit well-(n Å 1.3). When compared with results on other T currents, these data defined pharmacological differences, clear definition of those indicate that significant differences exist among different T currents in differences is of key importance in the development of agents terms of pharmacological sensitivities. Furthermore, differences in with selective clinical efficacies. Furthermore, better defined pharmacological sensitivity of T currents among peripheral neurons, pharmacological tools are essential to the understanding of the CNS, and neuroendocrine cells may contribute to the spectrum of roles of different T currents in nervous system function. As effects of particular analgesic, anticonvulsant, and anesthetic drugs.
part of ongoing work aimed at illuminating similarities and differences among native T currents, here we have examined the pharmacological properties of T current in acutely dissoci-lumbar regions were dissected out and incubated at 36ЊC for 60-90 min in Tyrode solution [which contained (in mM) 140 NaCl, 4 KCl, 2 MgCl 2 , 10 glucose, and 10 N-2-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES), adjusted to pH 7.4 with NaOH] containing 2 mg/ml collagenase (Sigma type I) and 5 mg/ml dispase II (Boehringer-Manheim). Single neuronal cell bodies were obtained by trituration in Tyrode solution at room temperature. Cells were kept at room temperature and used for electrophysiology within 4 h from dissociation. For recordings, neuronal cell bodies were plated onto a glass coverslip and placed in a culture dish that was perfused with external solution. Most of the data were obtained from smaller diameter neurons (21-27 mm) without visible processes.
Electrophysiological methods
Recordings were made with standard whole cell voltage-clamp techniques (Hamill et al. 1981 10% of estimates obtained from the time constant of decay and in the same cell, a family of currents were evoked with the same protocol integral of the capacitance transient. Average uncompensated series but after application of 1 mM v-conotoxin GVIA to block N-type highresistance was 6.8 { 4.8 MV (mean { SD) and capacitance was voltage-activated (HVA) current. Note that all currents except one acti-12.6 { 3.1 pF with n Å 245. Series resistance typically was com-vated at 050 mV completely inactivate during the 200-ms test pulse. C: pensated 60-80% without significant oscillations in the current peak amplitude of inactivating current obtained from A and B are plotted trace. All experiments were done at room temperature (20-23ЊC). as a function of command potential. Although minimal effect is observed at 050 mV, v-conotoxin GVIA blocked Ç33% of total peak current at 020
In most experiments, no leakage subtraction was used, although in mV. D : peak current activated at different command step potentials is a limited number of experiments, a P/5 protocol was used for onsummarized for 12 cells. For comparison across the cells, currents were line leakage subtraction. For construction of current-voltage curves normalized to current at 020 mV, a voltage at which near-maximal T current as in Fig. 1 , C and D, leak current was subtracted manually by was observed.
using the linear portion of current obtained at voltages negative to 090 mV. Error bars indicate standard errors of multiple determinathe voltage where half of the current is inactivated, and k (units tions obtained from at least five different cells.
of millivolts) represents the voltage dependence of the distribution. The time course of activation of LVA currents in rat DRG cells
Analysis of current blockade
was examined using the following expression from Hodgkin and Huxley (1952): The percent reduction in peak T current at a given blocker concentration was used to generate concentration-response curves. For
each concentration-response curve, all points are averages of multiwhere t m is the time constant of activation, n is the number of ple determinations obtained from at least five different cells. On particles involved in the activation process, and t h is the time all plots, vertical bars indicate standard errors. Mean values on constant of inactivation. concentration-response curves were fit to the following function Fitting was done either with Origin 4.0 (Microcal Software,
( 1 ) Northhampton, MA) or with custom software using a nonlinear least-squares procedure with a Levenberg-Marquardt search algowhere PB max is the maximal percent block of peak T current, the rithm to minimize function parameters. EC 50 is the concentration that produces 50% of maximal inhibition, and n is the apparent Hill coefficient for blockade. In the case
Solution exchange procedures
of isoflurane and halothane, because each application of blocker involved a separate determination of anesthetic concentration, all Glass coverslips with adherent DRG cells were transferred to a data points were fit with the above function. Fitted values are standard culture dish with a total volume õ1 ml. The solution typically reported with 95% linear confidence limits.
application system consisted of multiple, independently controlled The voltage-dependence of steady-state inactivation was de-glass capillary tubes; the solution was removed from the other end scribed with a Boltzmann distribution:
of the chamber with the use of constant suction. Switching between solutions was accomplished by manually controlled valves. Test
solutions were maintained in closed, weighted all-glass syringes (to avoid saline evaporation and loss of volatile drugs) and allowed where I max represents maximal activatable current, V 50 represents to fall by gravity. Changes in Ca 2/ current amplitude in response bath was determined with gas chromatography for each experiment (Evers et al. 1986; . Stocks of other drugs were to rapidly acting drugs or ionic changes were typically complete in 10-20 s. Switching between separate perfusion syringes, each made by dissolving the compound in either the extracellular saline or distilled water. All test solutions were prepared the day of the containing control saline, resulted in no changes in Ca 2/ current. No dependence on the order of presentation or desensitization with experiment by diluting the stock solutions with the appropriate amount of extracellular saline. Experiments with amiloride were repeated applications was observed for any of the pharmacological agents, making comparison between sequential applications of dif-done in dim light. Ethosuximide was added to the extracellular saline without osmotic adjustments. In separate control experiferent concentrations straightforward.
ments, application of extracellular saline with an additional 100 mM sucrose had no effect on T current amplitude. ; osmolarity potentials of 060 to 020 mV before application of 1 mM was 285-300 mOsm. To block N-type HVA current in these cells, v-CgTX. Both inactivating and more sustained inward curwe used 1 mM v-conotoxin GVIA (v-CgTx), which blocked most rent components are present. After 1 mM v-CgTX was apof the remaining sustained current in these cells (see Fig. 1B ). plied for 2 min, little residual noninactivating inward current Because in control experiments this effect was irreversible for°60 remained in this neuron (Fig. 1B) . Figure 1C shows that v-CgTX-sensitive current contributes substaninvestigation of T current in virtual isolation. After 10 min of tially to inactivating current even at potentials of 040 to dialysis with F 0 -containing internal saline, nifedipine had no effects on inward current (data not shown). However, in some cells, 020 mV. Figure 1D summarizes complete current-voltage a small residual noninactivating current (typically õ40 pA) per-relationships for 12 cells in which HVA current was removed sisted after F 0 and v-CgTx treatment. Because of the possibility by the combination of internal F 0 and pretreatment with 1 of some residual HVA current contamination, all measurements of mM v-CgTX. T current starts to activate at about 060 mV T current amplitude were made from the peak of the inward current and peak current activation is achieved at around 020 mV.
Solutions and current isolation procedures
to the current remaining at the end of a 200-ms test step. Typically, Many of the physiological properties of well-isolated T the residual current at 200 ms was indistinguishable from leak current in rat DRG neurons have been examined carefully current. After blockade of L-and N-type current, peak T current by others (Bossu and Feltz 1986; Carbone and Lux 1987a,b;  was stable for°1 h. Scroggs and Fox (1992) also have shown Lux et al. 1990 ) and only will be considered briefly here to that v-CgTX and nimodipine are sufficient to block most of the verify the identity of the current under investigation. Compa-HVA current in smaller DRG cells from adult rats. rable with previous results, the time constant of T current inactivation reached a limiting, voltage-independent value Drugs and chemicals of Ç20 ms over the range of 010 through /40 mV (e.g., Thymol-free halothane was a gift of Halocarbon Laboratories 010 mV: 21.2 { 6.1 ms, n Å 8; /10 mV: 18.9 { 3.0 ms, (North Augusta, SC), v-conotoxin GVIA and tert-butyl-bicyclo n Å 8; /25 mV, 20.8 { 3.4 ms, n Å 6). voltage-dependence. However, one T current variant has been reported to exhibit a limiting voltage-independent deacDrug preparation tivation rate (Chen and Hess 1990) . Figure 2 B plots the Stock solutions of propofol (100 mM), amiloride (500 mM), voltage dependence of the T current deactivation time conetomidate (300 mM), methyl-phenylsuccinimide (1 mM), carba-stant over the range of 060 to 0160 mV. No indication of mazepine (100 mM), TBPS (50 mM), and phenytoin (100 mM) a voltage-independent component of deactivation was obwere prepared in dimethyl sulfoxide (DMSO) and kept at 4ЊC until served over this potential range. Figure 2B (᭺ and ᮀ) also use. The maximal concentration of DMSO used was 0.3% and had plots activation time constants from fits of a Hodgkin-Huxley no significant effect on T current when tested alone at the same final (1952) activation model to well-isolated T currents.
concentration. All barbiturates were prepared in stock solutions in
The complexity of the inactivation process is illustrated by 0.1 N TEA-OH; the final solution in extracellular saline was pH examination of the steady-state inactivation curves obtained adjusted with HCl. Volatile anesthetic solutions were prepared from saturated saline solutions, and the final concentration in the after prepulses of different conditioning durations (Fig. 2C ). Fig. 3 illustrates the general procedure used to test for pharmacological effects and to develop concentration-response relationships. T current was elicited every 10 s (Fig. 3B ) or every 20 s (e.g., Fig. 4B ) by stepping to 025 mV from a holding potential of 090
FIG . 2. Properties of deactivation and inactivation of DRG T current.
A: isolated T current was activated by 15-ms steps to 020 mV, followed by a deactivating step to potentials between 060 and 0160 mV. R s Å 4 MV; C m Å 13 PF. B: time constants of deactivation (᭺) from single exponential fits to traces as in A are plotted as a function of membrane potential. Each point is the mean { SD of ¢6 cells.
, t d (V ) Å t(0) * exp(A * V ) with t(0) Å 14.2 { 1.8 ms and A Å 0.024 { 0.007 mV 01 . q, mean values from 6 to 9 cells of activation time constants from a fit of a HodgkinHuxley activation model to T currents activated at voltages from 050 through /30 mV. Best fit values for n, the term for sigmoidicity in activation (see Eq. 3), were typically between 2 and 3, with some indication of smaller values at more positive activation potentials. C: steady-state inactivation is only reached after Ç5 s at any test potential. Cells were held for 0.25, 1, 5, and 10 s at potentials from 025 through 0110 before a test step to 020 mV. The amount of current at 020 mV after any conditioning step was normalized to the current activated from 0110 mV. Availability curves at 0.25 and 1 s were better described by two Boltzmann distributions. The voltages of half availability were: 052.3, 064.2, 082.0, and 083.3 mV for 0.25, 1.0, 5, and 10 s, respectively. The slope factors were 07.9 and 07.8 mV at 5 and 10 s, respectively.
Conditioning durations of ¢5 s are required to achieve apparent steady-state equilibration, whereas conditioning steps of shorter duration result in steady-state availability curves A: traces illustrate T current before, during, and after application of 100 better described by multiple components. With 10 s condi-mM nickel. B: time course of onset and recovery of Ni 2/ blockade at 2 tioning steps, half inactivation occurs at 083 mV with a concentrations is shown on the same cell as in A. T current was elicited by stepping to 025 mV from a holding potential of 090 mV every 10 s.
slope factor of 07.8 mV. For experimental stability, the Solid bars denote the times of application of Ni 2/ -containing saline; control pharmacological experiments described in a following secsaline was flowing through the chamber at all other times. C m Å 15 pF, tion employ a holding potential of -90 mV, a potential at R s Å 5 MV. C: concentration-response curves for inorganic blockers obwhich 25% of the T current is inactivated. mV. Example currents in control saline and after blockade AMILORIDE. Tang et al. (1988) showed that amiloride blocks T current in neuroblastoma and chick DRG cells with by 100 mM Ni 2/ are shown in Fig. 3A . The time course of blockade and recovery of T current amplitude during the 50% reduction at 30 mM. We observed that in adult rat DRG 50% reduction of current occurred at 75.7 { 18 mM (n Å action of Ni 2/ also is illustrated (Fig. 3B) . In general, agents were applied and currents recorded until steady-state block-1.0 { 0.1) as shown in Fig. 3D . ade was reached before returning to control saline. These ANTIEPILEPTICS. Coulter et al. (1989a) have shown that the plots also illustrate the stability of the DRG T current under antiepileptic, ethosuximide, reduces T current in thalamic the conditions of these experiments.
neurons. This is believed to contribute to its efficacy in petit mal epilepsy. Because some antiepileptics (e.g., phenytoin) INORGANIC BLOCKERS. Figure 3C summarizes Table 1 ) and is consistent with the reported relatively mide, valproate, and a-methyl-a-phenylsuccinimide (MPS).
An interesting feature of some of these compounds is that greater sensitivity of T current to Ni 2/ over Cd 2/ in comparia saturating blocking effect is reached at õ100% block. son with HVA currents (Fox et al. 1987) . However, there is substantial variability in the sensitivity of different T curEthosuximide. The ability of ethosuximide to block DRG T current is shown in Fig. 4A . Sufficiently high concentrarents to Ni 2/, indicative that Ni 2/ may be less useful as an indicator of T current than often is believed.
tions of ethosuximide produced a maximal block (Fig. 4 , A DRG cells, we observed a small block of DRG T current ( Fig. 5A ) with a comparable maximum block of 17 { 2.7% (Fig. 5B) , and an EC 50 of 330 { 18 mM (n Å 1.9 { 0.2; Fig. 5C ).
5,5-diphenylhydantoin. 5,5-diphenylhydantoin (phenytoin) produced maximum block of 60 { 3.7%, an EC 50 of 7.3 { 1.3 mM (n Å 1.3 { 0.2; Fig. 5C ). Phenytoin had little effect on the voltage dependence of activation or voltage of half-availability of steady-state inactivation curves (n Å 4, data not shown). The amount of block produced by phenytoin did not vary whether T current was elicited at 1/20 or 1/5 s in four cells.
Carbamazepine. Carbamazepine was not effective in blocking rat DRG T current when tested in nine cells at°1 00 mM (data not shown).
BARBITURATES. All tested barbiturates could produce complete blockade of T current in rat DRG cells with apparent Hill coefficients close to 1 (Fig. 6C ). An example of the complete inhibition of T current produced by methohexital is shown in Fig. 6A , whereas the amount of inhibition produced by two different concentrations of methohexital is and B) of Ç100 { 8% with an EC 50 of 23.7 { 0.5 mM (n Å 1.4 { 0.4). This is quite different from the reported sensitivity of thalamic relay neurons to ethosuximide (EC 50 : 200 mM) (Coulter et al. 1989a,b) , in which a maximal inhibition of only 40% was reported with some neurons being insensitive to ethosuximide. Kostyuk et al. (1992) reported maximum block of 100% and an EC 50 of 7 mM in neonatal rat DRG. In contrast, Gross et al. (1997) reported an insensitivity of T current in neonatal rat DRG neurons to ethosuximide (essentially no effect with 0.5 mM).
MPS. MPS only weakly blocked DRG T current with a maximal block of Ç25%, an EC 50 of 170 { 22.5 mM (n Å 2.1 { 0.1; Fig. 4C ). Figure 4B http://jn.physiology.org/ Downloaded from ANESTHETICS. All anesthetics or anesthetic-like compounds used in this study produced a complete block of T current and had apparent Hill coefficients close to 1 as shown in Fig. 8 .
Octanol. An example of the inhibitory effect of octanol on rat DRG T current is shown in Fig. 8A . The concentration dependence of the octanol effect on one cell is illustrated in Fig. 8B . Octanol, an alcohol previously reported to block completely T currents in inferior olivary neurons at 20 mM (Llinas 1988) , produced 50% blockade (Fig. 8C) at 122 { 14 mM (n Å 1.2 { 0.2).
2,6 diisopropylphenol. 2,6 diisopropylphenol (propofol), an anesthetic, also blocked T current in rat DRG with 50% block at 12.9 { mM (n Å 1.3 { 0.1; Fig. 8C ) . Because propofol is known to be a very potent GABAergic agent, we have tested effects of propofol on leak current in DRG cells. In such experiments ( data not shown ) , 100 mM propofol reduced most of the inward current during voltage ramps from 090 to /90 mV without any effect on outward current. Addition of 10 mM La 3/ completely blocked inward current, whereas propofol in the presence of this inorganic Ca 2/ channel blocker had no apparent effect on outward leak current. Therefore, the apparent inhibition of T current by propofol is not contaminated by EC 50 s in mM of 153 { 25 (n Å 1.2 { 0.1), 502 { 55 (n Å 1.3 { 0.1) and 1700 { 252 (n Å 1.2 { 0.1), respectively.
Because of the earlier report that pentobarbital had no effect at°0.5 mM on mouse DRG T current (Gross and Macdonald 1988), we examined the voltage and use dependence of pentobarbital block to determine whether the conditions of current activation might influence the apparent block. Figure 7A depicts traces of currents evoked after 1-s prepulses at potentials from 090 to 045 mV. Peak T current amplitude activated from different conditioning potentials is plotted in Fig. 7 B along with fits of a single Boltzmann to points obtained before, during, and after drug application. These experiments show very little effect of isoflurane and 655 { 54 mM (n Å 2.0 { 0.2) for halothane ( Fig. 9C) .
CONVULSANTS. Because thalamic T current has been proposed to play a role in generation of epileptic activity (Huguenard and Prince 1994; Tsakiridou et al. 1995) , we have tested two convulsant agents in our experiments. Pentylenetetrazole is a potent convulsant substance for which the mechanism of action remains largely unknown, although inhibition of GABA current may contribute to its effects (e.g., Coulter et al. 1990b) . There was no effect on DRG T current in five cells (1 mM), similar to previous results from thalamic cells (Coulter et al. 1990a) . TBPS is a potent GABA A receptor antagonist presumably interacting with the picrotoxin binding site (Casida et al. 1985; Squires et al. 1983) . TBPS (50 mM), when applied for 2-6 min, had no effect on rat DRG T current (9 cells). In four cells, TBPS was applied for ¢6 min without effect.
MIBEFRADIL. A new antihypertensive Ca 2/ channel antagonist, mibefradil, recently has been reported to exhibit selective blocking effects on T-type currents in vascular smooth muscle (Mishra and Hermsmeyer 1994) and guinea pig atrial myocytes (Ertel 1996) . Differential effects of mibefradil on any effects of propofol on g-aminobutyric acid ( GABA ) receptor activation.
Ketamine. Ketamine is an anesthetic agent known to block N-methyl-D-aspartate (NMDA) receptors MacDonald et al. 1987 MacDonald et al. , 1991 . Here, ketamine blocked T current with 50% block at 2.5 { 0.4 mM (n Å 1.1 { 0.1; Fig. 8C ).
Etomidate. Etomidate is a general anesthetic reported to potentiate GABA currents (Yang and Uchida 1996) and to have minimal effects on HVA Ca 2/ currents in canine myocardial cells (Buljubasic et al. 1996) . It blocked DRG T currents completely and reversibly with an EC 50 of 205 { 23 mM (n Å 1.3 { 0.1; Fig. 8C ).
Halothane and isoflurane. Two frequently used volatile anesthetics, halothane and isoflurane, previously were re- T current, we have reexamined the effects of these agents. curves for halothane and isoflurane are displayed along with the best fit of Figure 9A shows current traces before, during, and after Hill plot to each set of points. For each measurement, the actual concentration in the bath was determined with gas chromatography (see METHODS ). application of 370 mM isoflurane, whereas mM (n Å 1.3 { 0.2). However, this concentration-response curve provides only a qualitative indication of the concentration-dependence of mibefradil action because blockade by this agent exhibits pronounced use-and voltage-dependent features. This aspect of mibefradil action is illustrated in Fig. 10D , in which the steady-state level of block by 1 mM mibefradil is shown to be dependent on the frequency of Tcurrent activation. The effect of mibefradil on availability of T current for activation was also qualitatively examined using 1-s conditioning steps at potentials from 0110 to 035 mV (Fig. 10E) . The shift in the voltage dependence of fractional availability and change in apparent slope factor produced by mibefradil is consistent with the use-dependent aspects of its action observed in inhibition of cloned Ca 2/ channel variants (Bezprozvanny and Tsien 1995). Mibefradil more effectively reduces T current availability at more positive holding potentials.
D I S C U S S I O N
This paper defines key pharmacological properties of well-isolated T-type Ca 2/ current in acutely dissociated adult rat DRG cells. Particular attention was given to anesthetic and anticonvulsant compounds, several of which were found to block T current in DRG cells. This work extends earlier observations on the pharmacological sensitivity of DRG T current by providing more complete concentration-effect information.
The present results in conjunction with other results fail to reveal a single identifying pharmacological feature of T current. Some of the pharmacological properties of rat DRG T current are shared with T current in other cell types, but several compounds appear to affect T currents in different cell types differently. However, any conclusions are somewhat limited because, in many cases, full concentration-response curves for blockade of T currents have not been defined. Because some compounds appear to produce only FIG . 10. Blockade of DRG T current by mibefradil. A: traces of peak partial blockade of T current, our results emphasize that inward current evoked at 025 mV from holding potential of 090 mV before and during application of 10 mM mibefradil, C m Å 17 pF, R s Å 4 MV. B: complete concentration-response information is critical in time course of onset and recovery of mibefradil blockade for 3 concentra-assessing the potential physiological consequences of a tions is shown from another cell. Note that there is only a partial recovery given pharmacological agent. of current after mibefradil is removed from the extracellular solution, Table 1 provides a summary of pharmacological proper-C m Å 13 pF, R s Å 11 MV. C: concentration response curve for mibefradil ties of different T currents. We have not included a number blockade of DRG T current from experiments similar to that depicted in B. Each point is an average of 6 experiments;
, best fit of a Hill of compounds that are known to inhibit T currents but that function yielding an EC 50 of 3 { 0.4 mM (n Å 1.3 { 0.2). D: steady-state are thought primarily of as blockers of the L-type of HVA level of blockade by mibefradil was dependent on the frequency of T-Ca 2/ current Ertel and Ertel 1996;  current activation. T current was elicited a voltage step to 025 mV either Akaike 1990, 1991) . In assessing potential once every 20 s or once every 5 s. Higher frequencies of T current activation enhance blockade by mibefradil, R s Å 5 MV; C m Å 14 pF. E: T current pharmacological differences among different T currents, it percent availability curves were generated from the amount of T current is also important to realize that estimates of EC 50 may be activated at 025 mV after 1-s conditioning steps at voltages between 0110 influenced both by the identity of the charge carrier and its and 035 mV in the presence and absence of 3 mM mibefradil. Points are concentration (Lee and Tsien 1983) . Similarly, voltage and mean and SE for 5 cells. V 50 s of availability were 064.9 { 0.8 and 082.2 { use dependence of block may make it difficult to compare 2.4 mV for control and 3 mM mibefradil, respectively, with a voltagedependence term of 08.0 { 0.7 and 011.9 { 1.5 mV.
estimates obtained from different studies. In spite of these limitations, Table 1 indicates that different T currents have quite different pharmacological sensitivities. Two implicaversible, similar to experiments on cloned Ca 2/ channels (Bezprozvanny and Tsien 1995). Therefore escalating con-tions of this are the following. First, it should be noted that in the absence of compelling information about the molecular centrations of drug were applied to each cell, as shown in Fig. 10B , to construct concentration-response curves (Fig. identity of T channels , the different pharmacological sensitivities may be indicative of a heterogeneous family of chan-10C). From a holding potential of 090 mV, inhibition of peak T current activated at 025 mV occurred at 3.0 { 0.35 nels, each with similar kinetic characteristics. Second, differ-ent T current blockers may have distinct physiological Ç60%. The magnitude of phenytoin block at 100 mM is comparable with that seen in other systems (Coulter et al. and/or clinical consequences. Because some compounds studied here may affect T current in clinically used concen-1989a; Twombly et al. 1988) . Although block by concentrations as low as 10 mM phenytoin also has been observed on trations, it becomes critical to know whether differences in the clinical actions of some agents may reflect, in part, T current in both neuroblastoma cells (Twombly et al. 1988) and in thalamic neurons (Coulter at al. 1989a) , it is unclear differential effects of compounds on different T current targets.
whether the concentration-dependence of phenytoin block in these different systems is similar. On the basis of the The discussion that follows focuses on two aspects of our results: first, those compounds that appear to exhibit present results, blockade of T current in rat DRG neurons is achieved with concentrations of phenytoin that are within selectivity among different types of T current and, second, those compounds that may have effects on T current at con-a clinically relevant range. Given the known role of DRG neurons in primary afferent transmission including pain, this centrations used in some clinical situations.
may explain the usefulness of phenytoin in treating various forms of neuropathic pain, including trigeminal neuralgia Blockade of T current in DRG neurons by anticonvulsants and diabetic neuropathy (McQuay et al. 1995; Swerdlow SUCCINIMIDES. Succinimides are a class of antiepileptics ef-and Cundill 1981; Walson et al. 1975) . fective against petit mal generalized absence seizures (Mac-VALPROATE. Valproic acid is an anticonvulsant the primary donald and McLean 1986) . Ethosuximide appears to be over effects of which are thought to involve Na / currents (Van den an order of magnitude (250 mM vs. 24 mM) less effective Berg et al. 1993) , but that also affects GABAergic synaptic at blocking DRG T current than in blocking T current in transmission (Macdonald and McLean 1988) . A previous thalamic neurons (Coulter at el. 1989a,b) . Yet, the blockade study on rat nodose ganglion neurons (Kelly et al. 1990 ) reports is complete in DRG cells but only partial (40%) in thalamic a small block of T current at 200 mM, comparable with the neurons. The situation appears to be reversed for MPS, present results. Our data show that valproate produces only a where complete block of thalamic current at high concentra-partial block of T current (maximal block Ç17%) with an tions is reported, whereas block of DRG T current occurs EC 50 of 330 mM. Because therapeutic serum levels of valproate at lower concentrations but only partially. Effects of MPS are 17.5-210 mM (Kelly et al. 1990) , it is unlikely that blockon DRG cells are within the clinically relevant concentration ade of T currents plays a role in its anticonvulsant activity. range (55-220 mM) (Strong et al. 1974) . We have no expla-The one cautionary remark to this conclusion is that even a nation for these differences except that different receptors partial block of T current may be sufficient for important clinifor these drugs may exist between thalamic and DRG cells. cal effects (e.g., ethosuximide). At clinical concentrations, ethosuximide would be expected BARBITURATES. Barbiturates represent a class of drugs used to have a negligible effect on DRG T current, whereas, at for both their anticonvulsant and anesthetic-hypnotic properconcentrations of MPS effective against thalamic T current, ties. Pentobarbital (500 mM) has been reported to be without DRG T current should be inhibited partially.
effect on mouse DRG T current but to reduce HVA Ca 2/
Comparing the results on adult DRG neurons and thalamic currents in the same cells (Gross and Macdonald 1988) . In neurons suggests that these two categories of T current excontrast, we have found that pentobarbital can produce a hibit quite different sensitivities to the succinimides, whereas complete blockade of T current with an EC 50 of 334 mM. the sensitivity of GH 3 cell T current to ethosuximide is within Except for the difference in species (mouse vs. rat) and the range observed here for DRG neurons. The weak effects condition of the cells (cultured neonatal mouse DRG vs. of ethosuximide on T current in DRG cells observed here, acutely dissociated adult rat DRG), we cannot account for despite the maximal block of 100%, agree closely with an the difference in reported effects of pentobarbital between estimate of ethosuximide block of T current in cultured these studies. Furthermore, we have found that all other rat DRG neurons (Gross et al. 1997 ), but differ markedly tested barbiturates could completely block rat DRG T current (EC 50 Ç 7 mM) from results in an earlier study on neonatal with EC 50 values of 153, 502, and 1,700 mM for thiopental, rat DRG neurons (Kostyuk et al. 1992) .
methohexital, and phenobarbital, respectively. Because clini-PHENYTOIN. Phenytoin, also an anticonvulsant, has been re-cally relevant anesthetic concentrations of barbiturates genported to inhibit T current in a neuroblastoma line (Twombly erally range from 25 to 100 mM Lieb 1994), et al. 1988 ) and in rat hippocampal neurons (Yaari et al. it is unlikely that effects of barbiturates on T current partici-1987). In both cases, 50% inhibition required as much as pate in anesthesia. However, barbiturates (e.g., thiopental 30-100 mM phenytoin. Similarly, 100 mM phenytoin re-and pentobarbital) at 5-20 times higher concentrations than duced T current only 33% in rat thalamic neurons (Coulter those used to induce anesthesia are used to achieve brain et al. 1989b). Because free serum concentrations for anticon-protection during aneurysm clipping (Barash et al. 1992) . vulsant effects of phenytoin are thought to be 4-8 mM In such cases, inhibition of T current and a decrease of (Coulter et al. 1989b) , inhibition of T current is not thought neuronal excitability may contribute to their neuroprotective to contribute to the anticonvulsant effects of phenytoin. properties, the mechanism of which is largely unknown. However, the maximal level of inhibition by phenytoin at higher concentrations was not defined in these systems, such Effects of other general anesthetics on T currents that the EC 50 for the blockable component of current was not determined. We observed that phenytoin blocked DRG PROPOFOL. Propofol is a frequently used parenteral anesthetic that inhibits DRG T current completely with 50% inhibi-T current with an EC 50 of 7.3 mM with maximal block being tion at 12.9 mM. Thus the concentration of propofol effective (n Å 1.4) (Herrington et al. 1991) . The present data (EC 50 Å 655 mM) suggest that rat DRG T currents are in blocking rat DRG T current greatly exceeds that required for anesthesia (Ç1 mM) .
somewhat more sensitive to halothane than neuroendocrine cells. The disparity between our results and previous data OCTANOL. Octanol has been reported to block T current in on neonatal DRG cells may perhaps be accounted for by a thalamic relay neurons at low micromolar concentrations better isolation of T current from HVA current in the present (Llinas and Yarom 1986) , and 20 mM octanol has been experiments. However, given that neonatal rodent DRG T reported to completely block T current in inferior olivary current also has been reported to exhibit unusual sensitivity neurons (Llinas 1988) . Similar sensitivity was reported in to ethosuximide (Kostyuk et al. 1992 ) and octanol (Scott cultured neonatal rat DRG with 1 mM octanol producing et al. 1990) and neonatal mouse T current may exhibit a almost complete blockade of T type current (Scott et al.
weaker sensitivity to pentobarbital (Gross and Macdonald 1990) . In contrast, T current in adult rat DRG neurons does 1988) than reported here, it also remains possible that some not exhibit any unusual sensitivity to octanol. The EC 50 for unusual T current variant may be present in neonatal rodent blockade of adult rat DRG T current by octanol is 120 mM, sensory neurons. which is comparable with the EC 50 of 244 mM for inhibition One MAC for halothane would be Ç310 mM, a concentraof GH 3 T current (Herrington and Lingle 1992) and to the tion producing only Ç20% block of DRG T current. Thus anesthetic ED 50 for tadpoles of Ç100 mM (Franks and Lieb halothane is Ç3.5 times less potent than isoflurane at equipo-1984). Additional examination of the effects of octanol and tent MAC concentrations. Similarly, halothane was less poother anesthetics on thalamic and inferior olivary neurons tent than isoflurane in blocking T current in a thyroid C-cell would be of value.
line (McDowell et al. 1996) . The difference in potency between isoflurane and halothane in inhibiting T current may ETOMIDATE. Etomidate is an anesthetic that, in clinically be one factor contributing to observed differences in clinical relevant concentrations of 4 mM, potentiates GABA A curproperties of these anesthetics. In comparison with halorents (Yang and Uchida 1996) . Blockade of DRG T type thane, isoflurane provides somewhat more analgesia (Levine current with EC 50 of 205 mM is unlikely to contribute to et al. 1986 ), more muscle relaxation (Ali and Savarese anesthetic properties of this agent.
1976), and more profound inhibition of somatosensory evoked potentials (Peterson et al. 1986 ) as well as electroen-KETAMINE. Ketamine is an anesthetic that is a noncompeticephalographic activity (Lloyd-Thomas et al. 1990 ). tive NMDA receptor antagonist . In very high concentrations, it also blocks completely rat DRG T current with an EC 50 of Ç2.5 mM. Effects of keta-MIBEFRADIL. Our results support the idea that mibefradil mine on T current appear unlikely to contribute to its clinical remains one of the more potent T current blockers yet deeffects.
scribed (Ertel and Ertel 1997) . In our experiments, the EC 50 for blockade of T current is 3 mM, close to the reported ISOFLURANE AND HALOTHANE. Isoflurane is currently the values for inhibition of cloned subtypes of HVA channels most frequently used volatile anesthetic. Although (Bezprozvanny and Tsien 1995) . Previous work has indiisoflurane has been reported to block T current in neonatal cated that mibefradil exhibits substantial selectivity between rat DRG cells ( Takenoshita and Steinbach 1991 ) , rat hip-T and HVA Ca 2/ currents in vascular smooth muscle pocampal neurons ( Study 1994 ) and thyroid C cell line cells where the EC 50 for blockade of T current was 100 nM ( McDowell et al. 1996 ) , the present experiments were (Mishra and Hermsmeyer 1994) . Because of the pronounced motivated by the lack of concentration-response curves state-dependent aspects of mibefradil action, we would exfrom previous studies and the clinical importance of this pect that much lower EC 50 s for mibefradil blockade would be anesthetic. Here, isoflurane blocked adult rat DRG T cur-obtained for DRG T currents under steady-state conditions, rent with an EC 50 of 303 mM. This compares with the EC 50 particularly at more positive potentials. Bezprozvanny and for potentiation of GABA currents in cerebellar Purkinje Tsien (1995) observe qualitatively similar use-dependent neurons by isoflurane of 320 mM ( Hall et al. 1994 ) . Simi-blocking effects of mibefradil on four different Ca 2/ channel larly, 1 minimum alveolar concentration ( MAC; produc-variants. ing anesthesia in 50% of subjects ) for isoflurane in mammals corresponds to an aqueous concentration of Ç320 mM at 37ЊC. Thus, these results suggest that at 1 MAC, ú50% of T current is blocked Summary in rat DRG neurons, suggesting that isoflurane-induced anesthesia also may involve effects on primary afferent
The present results identify several compounds that appear to block DRG T current somewhat differently than they transmission.
Halothane, which is structurally and clinically different block T currents in other cells. From results obtained solely within this lab, the clearest example is amiloride, which is from isoflurane, is another frequently used volatile general anesthetic. It was shown previously to block neonatal rat more than an order of magnitude less effective at blocking GH 3 T current than in blocking DRG T current. GH 3 T DRG T currents with an EC 50 of Ç100 mM with an extremely shallow concentration response curve (n Å 0.4) (Takeno-current also exhibits substantially less sensitivity to blockade by Ni 2/ (Herrington and Lingle 1992). Many other blockers, shita and Steinbach 1991). In contrast, in GH 3 cells, blockade by halothane was less effective with an EC 50 of 1.3 mM including octanol, halothane, and pentobarbital, exhibit only 
